INTRODUCTION
Changes in body fat deposition between broilers fed different dietary fatty acid profiles may be related to different rates of lipid synthesis or lipid oxidation (Crespo and Esteve-Garcia, 2001 ). Results of in vitro experiments in broilers and mammals suggest that polyunsaturated fatty acids (PUFA) may inhibit hepatic lipogenesis. The only experiments performed on broilers (Sanz et al., 2000) showed that hepatic fatty acid synthetase activity is decreased by diets with added sunflower (rich in PUFA of n-6 series) compared with those fed lard. The same results were previously obtained in some experiments in mammals in which PUFA of n-6 and n-3 series were implicated in the inhibition of several lipogenic enzymes (Wilson et al., 1986 (Wilson et al., , 1990 Blake and Clarke, 1990; Iritani et al., 1998) . Determinations of in vivo lipogenesis rates in broiler chickens have been performed by several authors in order to study lipid metabolism in chickens (Griffin et al., 1992) or to compare differences between lean and fat lines (Saadoun and Leclercq, 1987) . However, in vivo determina-2002 Poultry Science Association, Inc. Received for publication January 3, 2002. Accepted for publication May 30, 2002. 1 To whom correspondence should be addressed: enric.esteve@irta.es.
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in broilers fed the diet with added linseed oil (P < 0.05), compared with those fed tallow or sunflower oil. In Experiment 2, values of liver-to-dietary-fatty-acid ratios of fatty acids from endogenous synthesis (SFA, n-7 and n-9 fatty acids) were higher in broilers fed linseed oil and the basal diet. Results obtained in both experiments suggest that lower abdominal and body fat deposition of broilers fed PUFA compared with those fed SFA or monounsaturated fatty acids is mainly due to differences in lipid oxidation rates and that the higher in vivo lipogenesis found in broilers fed linseed oil would be another mechanism to dissipate energy, contributing to the lower fat deposition in these birds.
tions of de novo lipogenesis in broilers fed different dietary fats have not been yet studied.
In our previous report (Crespo and Esteve-Garcia, 2002b) , fatty acid balance during a 20-d period showed that the proportion of endogenous fatty acids deposited was higher in broilers fed linseed oil or sunflower oil than in those fed tallow or olive oil. This suggested higher net endogenous fatty acid synthesis in birds fed diets rich in PUFA. These results led us to perform an experiment whose aim was to study the effect of different dietary fatty acids on in vivo hepatic lipogenesis in broilers. Incorporation of tritiated water into hepatic fatty acids was determined in broilers fed tallow, sunflower oil, and linseed oil. This method has been used in chickens by Saadoun and Leclercq (1987) and Griffin et al. (1992) . In a second experiment, the hepatic fatty acid profile was also determined in broilers fed different dietary fats. hatchery. They were placed in floor pens and fed a commercial starter diet. From 21 to 27 d, birds were fed a basal diet based on wheat and soybean meal, without additional fat. On Day 27, 22 birds per treatment were weighed, placed in individual cages, and fed the three experimental diets until Day 53. On Day 41, BW and feed intake were determined in order to calculate performance parameters before starting determination of in vivo lipogenesis. On Day 53, all chickens except those used for lipogenesis were killed in a local processing plant. During all the experimental period, feed and water were provided for ad libitum consumption. The three experimental diets consisted of a basal diet based on wheat and soybean meal with added tallow, sunflower or linseed oils at 10% level. Composition, nutrient analysis, and fatty acid profile of diets are shown in Table 1 .
Determination of In Vivo Lipogenesis. In their experimental trials Saadoun and Leclercq (1987) and Griffin et al. (1992) used high doses of tritiated water in order to determine in vivo lipogenesis (1.5 mCi/bird and, 2 mCi/ kg BW, respectively). However, in the experiment of Don- aldson (1985) , 0.1 mCi/bird was enough to determine radioactivity in liver fatty acids. Based on these experiments, we decided to inject 0.2 mCi/bird which we thought should be enough to obtain detectable values. With tritiated water, chain elongation cannot be differentiated from de novo fatty acid synthesis; however most of label incorporation in liver fatty acids is due to de novo synthesis (Saadoun and Leclercq, 1987) .
On Day 45, two birds per treatment were selected by weight. After a fasting period of 6 h, these birds were allowed feed for 4 h. After this period of time feed was removed again. Three hours after feed removal, two birds per treatment were injected intravenously with a tritiated water solution (0.2 mCi 2 in 0.8 mL saline solution), through a catheter situated in the tibial vein. Blood samples were collected, and 10 min after injection chickens were rapidly killed by intravenous administration of sodium pentobarbital. Ten minutes after tritium injection, equilibrium within body compartments is achieved, and labeled fatty acid exchange among organs is minimal (Saadoun and Leclercq, 1987; Griffin et al., 1992) . Liver and abdominal fat (from gizzard to Bursa of Fabricius) were removed and weighed. Liver was immediately placed in liquid nitrogen and then stored at −20 C until analysis. On Day 46, 47, 48, and 49, the same process was carried out, obtaining a total of 11 broilers per treatment. Livers were divided into two samples and lipids extracted according to the Folch method (Folch et al., 1957) . Extracted lipids were saponified in 15 mL ethanolic 1 N KOH. Saponification lasted 45 min at 60 C and 15 h at room temperature. Unsaponifiable materials were extracted five times with 10 mL hexane. The soap solution was acidified with 4 mL of 6 N HCl. Fatty acids were collected five times with 10 mL hexane and weighed after evaporation of hexane. Fatty acids were then diluted in 2 mL hexane and placed in the scintillation vial. Counting solution 3 (15 mL) was added, and counting was carried out in a scintillation counter 4 for 5 min.
Experiment 2
Animals and Diets. One hundred 1-d-old female broiler chickens of the Ross 308 strain were obtained from a commercial hatchery. They were placed in floor pens and fed a commercial starter diet. From 21 to 27 d, the birds were fed a basal diet based on wheat and soybean meal, without additional fat. On Day 28, after a fasting period of 12 h, 80 birds were randomly selected, weighed, and located in individual cages. From Day 28, broilers were fed the experimental diets. They comprised the same treatments as for Experiment 1, with two additional diets: a basal diet without additional fat and a diet with supplemental olive oil at the 10% inclusion level. Fatty acid profile is shown in Table 2 . Feed and water were provided ad libitum during the entire experimental period.
Determinations. On Day 53, birds were killed at a local processing plant. Abdominal fat and liver were removed and weighed. Liver fat was extracted by the Folch method (Folch et al., 1957) and fatty acids determined as previously reported (Crespo and Esteve-Garcia, 2001 ).
Statistical Analysis
Results were subjected to one-way ANOVA by using the GLM procedure of SAS (SAS Institute, 1992) . When the F test for treatments was significant at P < 0.05, means were compared using Duncan's multiple range test of the same statistical package. Since lipogenic results were obtained on different days, this factor was included in the model as a blocking factor (two-way ANOVA), and BW was taken as covariance factor.
RESULTS

Experiment 1
Percentages of abdominal fat, liver fat, and liver fatty acid content are shown in Table 3 . Abdominal fat was Means within a column lacking a common superscript differ statistically (P < 0.05). affected by dietary fat as in previous experiments Esteve, 2001, 2002a) . Broilers fed the tallow diet presented higher abdominal fat than those fed sunflower and linseed oils, although differences were only significant with respect to birds fed linseed oil. Values of abdominal fat obtained in this experiment are lower than those obtained previously and those from Experiment 2 due to the collection method (fat surrounding gizzard was not removed). Liver fat was lower in broilers fed diets with linseed oil, with respect to those fed tallow or sunflower oil (P < 0.05). Similar results were obtained in Experiment 2 although differences were only significant with respect to broilers fed tallow. Percentage of fatty acids in liver fat was also lower in these birds. Consequently, total liver fatty acid content was reduced in broilers fed linseed oil. However, there were no significant differences between broilers fed tallow and sunflower oil. Values of lipogenic activity are shown in Table 4 . All broilers received similar amounts of tritiated water as shown by radioactivity levels in plasma. Incorporation of [
3 H] per gram of fatty acids was higher in broilers fed linseed oil, both as total incorporated in liver and in relation to plasma radioactivity, although differences were significant only for broilers fed sunflower oil. Thus, results in this experiment suggest that, in postprandial state, de novo lipogenic activity in liver is higher in broilers fed diets with added linseed oil compared with those fed tallow or sunflower oil.
Experiment 2
Performance parameters obtained from 28 to 53 d are shown in Table 5 . Final weight and weight gain were Means within a column lacking a common superscript differ statistically (P < 0.05). significantly lower in birds fed the basal diet compared with the rest of treatments with added fat due to the lower fat deposition (Crespo and Esteve-Garcia, 2002b) . These chickens had a higher feed-to-gain ratio than those fed olive, sunflower, and linseed oils (P < 0.05). Abdominal fat followed the same trends as in previous experiments (Crespo and Esteve-Garcia, 2001; 2002a) and in Experiment 1. Broilers fed tallow had a higher percentage of abdominal fat than those broilers fed the basal diets or sunflower and linseed oil diets (P < 0.05). However, differences in grams were only significant with respect to birds fed the basal diet or the sunflower diet. Liver weight was not different between treatments (Table 6) in agreement with results from Experiment 1. However, values in this experiment were higher than those obtained in Experiment 1, possibly due to the older age of birds in this experiment. Fat content of liver followed the same trend as in Experiment 1. Broilers fed linseed oil presented the lowest liver fat content although in this case differences were only significant with respect to birds fed tallow. Percentage of liver fat from broilers fed the basal diet was lower than that from broilers fed tallow, although values were similar to those fed olive, sunflower or linseed oil diets.
Fatty acid profile of liver lipids is presented in Table 7 . Although the trend is to reflect that of the diet, differences between treatments were not as evident as in other fat depots (Crespo and Esteve-Garcia, 2001 ). Birds fed tallow diets showed higher values of c14:0 and c15:0 than the rest of the treatments. C16:0 was found in higher proportions in broilers fed the basal diet and the tallow diet. Palmitoleic acid was also higher in broilers fed the basal Means within a column lacking a common superscript differ statistically (P < 0.05).
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Values are means of 16 determinations.
2 B = basal diet; T = tallow diet; OO = olive oil diet; SO = sunflower oil diet; LO = linseed oil diet; F:G = feedto-gain ratio; MSE = mean square error. diet as was found in total body lipids (Crespo and EsteveGarcia, 2002b ). However, percentage stearic acid was higher for broilers fed sunflower and linseed oils. Different results were found in total body lipids where broilers fed these diets showed lower values of this fatty acid than those broilers fed the basal or tallow diets (Crespo and Esteve-Garcia, 2002b) . Oleic acid was found in higher proportion in broilers fed olive oil, but differences were not statistically different compared with those fed the basal diet or the tallow diet. The lowest value of this fatty acid was in broilers fed sunflower or linseed oils (P < 0.05). The highest percentage of linoleic acid and its derivatives was found in broilers fed sunflower oil whereas content of this fatty acid was similar among the rest of the treatments. Linolenic acid and derivatives were in higher proportions for birds fed linseed oil, whereas the lowest content of n-3 derivatives was for those fed sunflower oil and c20:3n-3 that was only found in broilers fed linseed oil.
Relation of liver fatty acid with respect to the diet fatty acid is represented in Figure 1 . Values above 1 indicate an increased liver content of a determined family of fatty acids with respect to diet. Saturated fatty acids (SFA) had values greater than 1 in all treatments except in broilers fed the tallow diet. Broilers fed linseed oil presented the highest value (P < 0.05), increasing more than four times with respect to dietary levels. Liver-to-diet ratio of n-9 fatty acid was always below 1, except in broilers fed the basal diet. The highest value of n-7 fatty acids was also obtained in broilers fed the basal diet, followed by those Means within a column lacking a common superscript differ statistically (P < 0.05). fed sunflower and linseed oils. Total liver-to-diet ratio of fatty acids from endogenous synthesis shows maximal values for broilers fed linseed oil and the basal diet, followed by those fed sunflower oil. However, birds fed tallow or olive oil had low variability of these liver fatty acids with respect to ingested. The n-6 fatty acids reached values greater than 1 only in broilers fed tallow diet. Because these fatty acids are not from endogenous synthesis, this increase of n-6 fatty acids in liver fat could be the consequence of the decrease in SFA and n-9 fatty acids with respect to dietary levels observed in these birds, or to a preferential deposition of these fatty acids. The n-3 fatty acids presented values above 1 in all broilers except in those fed the basal or linseed oil diet. As for n-6 fatty acids, the increase of liver n-3 fatty acids in broilers fed tallow, olive oil, or sunflower oil could be the consequence of the reduction of other fatty acids or to a preferential deposition of these fatty acids.
DISCUSSION
Results of Experiments 1 and 2 show that diets rich in linseed oil reduce liver lipids and liver fatty acid content, compared with diet rich in tallow, olive oil, or sunflower oil. This effect was previously found in laying hens by Schumann et al. (2000) , who fed laying hens with flaxseed, flax oil, or n-3-fatty acid supplement and found a reduction in liver lipid content, with respect to a mixture of animal and vegetable oil. Similar results were found in rats fed fish oil (Lambert et al., 1998) . This reduction of liver lipid content by dietary n-3 fatty acids could be the consequence of the higher oxidation rate of these fatty acids (Madsen et al., 1999; Fu and Sinclair, 2000) . Lambert et al. (1998) , in their study with rats, suggested a reduction on lipid lipogenesis produced by these fatty acids. However, higher deposition of fatty acids from endogenous synthesis found in a previous experiment (Crespo and Esteve-Garcia, 2002b) and higher [ 3 H] incorporation into liver fatty acids obtained in Experiment 1 suggest that de novo lipogenesis is increased in broilers fed linseed oil compared with those fed tallow or sunflower oil which is in disagreement with some previous experiments carried out in mammals (Wilson et al., 1986 (Wilson et al., , 1990 Blake and Clarke, 1990; Iritani et al., 1998) and in broilers (Sanz et al., 2000) . However, other authors found higher lipogenesis in adipose tissues of pigs fed diets with added maize oil compared with those fed diets containing beef tallow (Kouba and Mourot, 1998) , and higher lipogenesis in liver and retroperitoneal fat of rats fed polyunsaturated n-6 fatty acids compared with those fed SFA (Gaíva et al., 1996) . Saadoun and Leclercq (1987) related hepatic lipid content with hepatic lipogenesis. However, in our experiment, birds fed the low-fat diet showed the lowest liver lipid content although endogenous synthesis in these broilers is clearly enhanced as was shown by fatty acid balance in a previous experiment (Crespo and EsteveGarcia, 2002b ). Liver lipid content of broilers fed linseed oil is very similar to that of broilers fed the basal diet. These results suggest that enhanced lipogenesis could not always be related to higher liver lipid deposition. Moreover, it could be suspected that higher liver lipid content in broilers fed tallow compared with those fed linseed oil or the basal diet could be the consequence of a direct deposition of dietary lipids instead of a higher hepatic lipogenesis. Since n-3 fatty acids are preferentially oxidized (Fu and Sinclair, 2000) , they would not be disposable for inhibition of lipogenesis enzymes. Moreover, de novo fatty acid synthesis in broilers fed diets with added fat represents a small portion of total fat deposition (from 1.2 to 8.5%), as was found by Crespo and EsteveGarcia (2002b) . Thus, higher lipogenesis in broilers fed linseed oil would not be contradictory with lower fat deposition.
Although liver fatty acids reflected dietary fatty acid profile, differences between treatments in this tissue were smaller. Lower modification of liver fatty acids by dietary lipids was also observed by Scaife et al. (1994) . This lower effect could be the consequence of the endogenous fatty acid synthesis in hepatic tissue. The highest content of stearic acid and the lowest of oleic acid were found in livers of broilers fed sunflower or linseed oil. This reflects inhibitory activity of ∆ 9 -desaturase by PUFA (Lochsen et al., 1997; Kouba and Mourot, 1998) . The lowest content of n-6 derivatives in broilers fed linseed oil and the lowest content of n-3 derivatives in those fed sunflower oil reflects competition of these fatty acid families by desaturases ∆ 5 and ∆ 6 . The same effect was found by other authors and in other fat depots (Scaife et al., 1994; Crespo and Esteve-Garcia, 2001 ). The higher ratio of SFA + n-7 + n-9 in broilers fed linseed oil compared with other treatments could be a consequence of their higher lipogenic activity. Between broilers fed diets with added fat, different deposition ratios could be the consequence of different preferences of fatty acid deposition, different oxidation rates, or different lipogenesis. Values of [ 3 H] incorporation into liver fatty acids obtained in Experiment 1 suggest that the highest ratio of SFA in broilers fed linseed oil and higher ratio of n-7 in broilers fed tallow or olive oil, obtained in Experiment 2, could be consequences of higher lipogenic activity. Although similar values of fatty acid ratios were found in broilers fed sunflower oil, lipogenesis in these birds was lower than in broilers fed linseed oil and did not differ from that of birds fed tallow diet. These results suggest that lower abdominal fat deposition in broilers fed linseed oil is due to very high rates of lipid oxidation despite the higher lipogenesis activity. In broilers fed sunflower oil, lipogenesis is similar to that of birds fed tallow; however, because lipid oxidation is higher for broilers fed sunflower oil than those fed tallow or olive oil, the final result was a reduction of abdominal fat deposition in the former compared to the latter.
Results in these experiments suggest that differences in fat deposition between broilers fed different dietary fatty acid profiles are more related to different rates of lipid oxidation than to lipid synthesis. This suggestion was also supported by Calabotta et al. (1985) comparing chickens from high and low BW lines. Thus, higher de novo lipogenesis in broilers fed linseed oil would be another mechanism to dissipate energy. Synthesis of fat from carbohydrates may suppose dissipation of 28% of the total energy that would be provided by carbohydrates if they were oxidized directly. In this concern, metabolic role of de novo lipogenesis on high-fat diets would be a mechanism to dissipate energy as was suggested by Hellerstein (1996) in a review article.
CONCLUSIONS
Results in these experiments suggest that lower abdominal fat deposition in broilers fed sunflower and linseed oils compared with those fed tallow and olive oil would be mainly the consequence of higher rates of lipid oxidation instead of lower lipogenesis as has been suggested by other authors. Higher de novo fatty acid synthesis found in broilers fed linseed oil would be a mechanism to dissipate energy, contributing to the reduction of fat deposition found in these birds.
